Abstract-Because data are collected for only fatal crashes, it is difficult to accurately measure seat belt and air bag effectiveness. The use of safety devices influences survival rates which in turn determine whether a crash is included in the sample, leading to sample selection bias. We propose a simple solution to the selection problem: limiting the sample to crashes in which someone in a different vehicle dies. Empirically, we find seat belts more effective and air bags to be less effective than previously found. The cost per life saved through seat belts is approximately $30,000, compared to $1.8 million for air bags.
I. Introduction
R OAD fatalities remain the leading cause of death among those aged six to 34 in the United States, in spite of the fact that the number of traffic deaths has declined dramatically over the last two decades. Figure 1 shows that traffic fatalities peaked at more than 54,000 in 1972 and have since fallen to roughly 40,000 annually. This decline is even more remarkable in light of the large increases in the total volume of travel. Fatalities per vehicle mile traveled are less than one-third as high as the level in the late 1960s.
Increased seat belt usage (for example, Graham et al. (1997) , NHTSA (1984) , and Orsay et al. (1988) ) and the proliferation of airbags (for example, Graham et al. (1997) , NHTSA (1996) ) are two factors that have been identified as contributing to the declining death toll on the roads. 1 NHTSA (1996) estimates seat belt usage rates of 58% to 68% in recent years, up from 11% in 1980. Air bags, first available on passenger vehicles in 1987, were installed in more than half of all new cars sold by 1992 (NHTSA, 1996) . Dual air bags became mandatory under federal law in all 1998 model-year passenger cars and all new 1999 model-year light trucks. Even in advance of federal requirements, however, air bags have been standard equipment on almost all vehicles in recent years. Consumer demand for air bags appears strong, despite their cost ($410 for dual airbags according to Graham et al. (1997) ).
Past estimates of seat belt effectiveness span a wide range. Robertson (1976) , for instance, cites nineteen studies on belt effectiveness with estimates ranging from an 8% to an 86% reduction in death or injury relative to those not wearing seat belts. NHTSA (1984) concludes that seat belts are 45% to 55% effective in reducing fatalities. Although different methodologies are sometimes used, the standard approach to measuring seat belt effectiveness is to identify a sample of crashes and compare outcomes among those with and without seat belts (for example, Kaplan and Cowley (1991) , Marine et al. (1994) , Orsay et al. (1988) , and Robertson (1976) ). One important shortcoming of this approach, which we later discuss at length, is the possibility of sample selection. Typically, only particular kinds of crashes are included in a sample (for example, those crashes with fatalities or crashes involving injuries that require an ambulance). If seat belt usage reduces injury severity, then such sample selection will tend to bias downward the measured benefits of seat belts.
Although it is recognized that air bags pose risks of both injury (Hollands et al., 1996; Morris & Borja, 1998) and death (NHTSA, 1996) , recent research and government evaluations continue to support the effectiveness of air bags. NHTSA estimates that air bags saved more than 3,000 lives between their introduction and September 1998. Graham et al. (1997) concludes that the cost effectiveness of air bags is on par with other medical and public-health interventions.
Studies of air bags have generally used one of three empirical approaches. The first approach analyzes fatality rates per registered vehicle for vehicles with and without airbags Ferguson, Lund, & Greene, 1995) . An important potential weakness of this approach is the endogeneity of vehicle choice. Faced with an option, those consumers who value safety most highly may disproportionately purchase vehicles with air bags. 2 This form of selection emerges clearly in the data. For example, in our data set, comparing drivers with and without air bags who are involved in fatal two-vehicle crashes, those with air bags are 19% less likely to be reported to be drinking by the police, 11% less likely to have a recent speeding ticket or accident, 14% less likely to have been convicted of driving while intoxicated or to have had a license suspension, 12% less likely to be male, and 13% less likely to be under the age of 25. 3 All of those characteristics (driving while intoxicated, bad past driving record, being young or male) are associated with greater likelihoods of fatal crash involvement (Fell & Nash, 1989; Levitt & Porter, 2001; NHTSA, 1998) . Thus, this approach is likely to exaggerate any causal impact of air bags on fatality reductions.
The second approach that is frequently used to measure air bag effectiveness involves comparing ratios of the number of deaths in frontal versus nonfrontal collisions for vehicles with and without air bags. This approach is known as a "frontal/nonfrontal comparison" and is a form of difference-in-difference estimator. Air bags are designed to protect occupants only in frontal crashes. If the ratio of deaths in frontal versus nonfrontal crashes is lower for vehicles with air bags relative to those without air bags, this difference is interpreted as lives saved due to air bags. Using variations on this approach, researchers have found air bags to be 20% to 35% effective in reducing death rates in frontal crashes (Braver et al., 1997; Kahane, 1996; NHTSA, 1996; Zador & Ciccone, 1993) .
Because this analysis is based on ratios of numbers of deaths rather than crash survival rates, it relies critically on the assumption that the proportion of frontal crashes is constant for drivers with and without air bags. This assumption, however, appears to be false. As noted above, "safe" drivers (that is, sober, female, over 25, and having a good past driving record) are disproportionately represented among those with air bags. Safe drivers, however, are more likely to be hit than to hit another vehicle, and thus are under-represented in frontal crashes. For instance, in twocar crashes in our data set, being sober is associated with a 72% reduction in the proportion of frontal to nonfrontal crashes, wearing a seat belt, having a previous drunk driving conviction or license suspension, and being female are associated with 25%, 33%, and 28% reductions, respectively. These observable driver characteristics-which are related not to differential survival rates in frontal and nonfrontal crashes, but rather to the frequency of such crashes-yield estimates similar to or larger than those for air bags. 4 Thus, it appears that the frontal/nonfrontal approach confounds differences in crash survival rates with the frequency with which frontal crashes occur, leading to exaggeratedly large estimates of the benefits of air bags. 5 A third approach to measuring the impact of safety devices is known as the "double pairs" comparison (Evans, 1986) . The ratio of driver fatalities to passenger fatalities in crashes in which neither occupant has an airbag is compared to the ratio of driver and passenger fatalities in crashes in which neither have airbags. As long as the set of crashes involving vehicles with exactly one airbag is the same as that involving vehicles with zero or two airbags, this approach provides a consistent estimate of air bag effectiveness. 6 The primary drawback of this approach is that, with almost all vehicles equipped with dual air bags in recent years, the method can be applied to only older model cars.
Previous researchers have employed these indirect approaches to measuring the impact of seat belts and air bags due to an important data limitation: the most comprehensive data set is the Fatality Analysis Reporting System (FARS), which provides extensive information on all passengers in virtually all U.S. crashes, but only in accidents in which a death occurs. The obvious problem in using these data to analyze the benefits of air bags and seat belts is sample selection. Seat belts and air bags influence the probability of death, which in turn determines whether or not a crash is included in the data set. 7 As economists have long understood in other contexts (Angrist & Krueger, 1999; Heckman, 1979; Heckman et al., 1996; Heckman et al., 1999) , sample selection leads to biased estimation. Failing to account for sample selection leads to estimates that systematically understate the benefits of effective life-saving devices. Empirically, the extent of sample selection in the fatal crash data is enormous. Crashes with a fatality account for only 0.5% of all reported crashes and less than 2% of reported crashes with injuries (NHTSA, 1998) . Moreover, in almost 90% of fatal crashes, there is a single fatality. If 4 These lower instances of death in frontal crashes for safe drivers is not attributable to the fact that more of the safe drivers have air bags. Similar results are obtained when controlling for air bag status.
5 On the other hand, if air bags provide benefits in nonfrontal crashes (or there is classification error so that some frontal crashes are reported as nonfrontal), this approach will underestimate the true effectiveness of air bags.
6 For instance, the composition of crashes among people who drive older cars that have no air bags may be different if they are also less likely to be safe drivers. 7 Other data sets are available, but the problems posed by these data sets are even more severe. The crashes included in these data are a representative sample of crashes reported to the police, not of all crashes. Crashes in which injuries occur are more likely to be reported, leading to sample selection if the probability and extent of injury is a function of seat belts and airbags. In addition, much less information is available for these accidents. -MOTOR VEHICLE FATALITIES 1966 THE REVIEW OF ECONOMICS AND STATISTICS 604 that individual had not died, the crash would be excluded from the data set.
In this paper, we use a simple identification strategy that allows us to directly estimate the impact of seat belts and air bags on crash survival rates, despite sample selection in the data. Sample selection arises because a given individual's seat belt usage affects his or her probability of death, which in turn influences whether the crash is included in the data. The key insight is that as long as anyone else dies in the crash, it is included in the fatal accident data regardless of what happens to others in the crash. We propose to restrict the sample to cases in which anyone dies in another vehicle in the crash. By focusing on this subset of crashes, sample selection is eliminated under the conditions derived in section II. 8 Perhaps counterintuitively, the sample selection problem, which arises because observations are excluded from the data set, is overcome by further restricting the data that are used. Table 1 demonstrates how sample selection distorts the data. The top row of the table presents the probabilities of death in the raw data as a function of the total number of individuals occupying all vehicles in the crash. 9 By definition, when there is only one vehicle occupant, the probability of death is equal to one; if the individual did not die, the crash would be excluded from the data set. As the number of occupants increases, sample selection becomes decreasingly severe as evidenced by the steady decline in the probability of death. When five motorists are involved in a crash, each individual's probability of death is 26.9%. The falling death rates in the top row are not a consequence of decreasing crash severity as demonstrated by the bottom two rows of the table. Restricting the sample to cases in which anyone else dies in a crash results in a probability of death that is nearly constant at 15% as the number of occupants increases. Conditional on anyone dying in a different vehicle, individual death rates hover around 7% regardless of the number of total motorists.
Empirically, using data on fatal crashes in the United States from 1994 to 1997, we find that correcting for sample selection bias dramatically increases the measured effectiveness of seat belts. We find seat belts to be substantially more effective than has generally been the case in past research. Wearing a seat belt reduces the risk of death in our sample by 60% to 70%. Air bags are found to be approximately 15% effective in lowering death rates in direct frontal crashes, but appear to yield little or no benefit in partial-frontal or nonfrontal crashes. Our air bag estimates are on the low end of the spectrum of previous estimates in the literature.
The outline of this paper is as follows. Section II develops the theoretical model and identification strategy. Section III uses data on fatal crashes to estimate the impact of seat belts and airbags on probabilities of death and injury, correcting for sample selection. Section IV offers interpretation of the coefficients in terms of lives saved and cost-benefit ratios, and section V concludes.
II. Theoretical Model and Identification Strategy
Our goal is to estimate the effectiveness of seat belts and air bags in preventing death in motor vehicle crashes. In this section, we adopt a potential outcomes framework (Heckman, 1990; Rubin, 1990) to formally consider the causal effects of safety devices on accident fatalities. Let S and A denote seat belt and air bag usage indicators. For example, if individual i wore a seat belt but did not have an air bag in a crash, then S i ϭ 1 and A i ϭ 0. Also, let Y i S, A denote the potential outcome indicator for whether individual i would have died in the crash as a function of seatbelt and air bag usage. For instance, if Y i 1,0 ϭ 0 and Y i 0,1 ϭ 1, then person i would have survived the crash if he or she had been wearing a seatbelt but did not have an air bag, but not vice versa. This notation is used for defining causal effects because it encompasses both the actual outcome and the counterfactual outcomes.
In practice, we are never able to observe causal effects for any single individual because, in any given crash, only the actual outcome is observed, and not the potential outcomes had safety device status been changed. As a result, we can only hope to identify a mean causal effect over some population, for example, E(Y i 1,0 Ϫ Y i 0,0 ). In theory, there are many potentially interesting causal effects to measure. 8 One could include any individual who is involved in a crash in which someone else dies, but the required identifying assumptions are more difficult to justify for occupants of the same vehicle relative to occupants of different vehicles. 9 Unlike later results that are restricted to two-vehicle crashes, these results are for all crashes regardless of the number of vehicles. Only crashes in which some vehicle occupant dies are included. (There are some crashes in the data in which the only fatality is a pedestrian, bicyclist, or motorcyclist.) In the next section, we present estimates of mean safety device causal effectiveness, but first we establish conditions for validity of the proposed estimation method.
A. Measuring Causal Effects in a Hypothetical Data Set without Sample Selection Problems
Before discussing the actual estimation problem we face because of data limitations, it is useful to briefly consider an idealized data set that is not subject to the sample selection problems found in FARS. This data set, like FARS, would include all crashes in which someone dies. Unlike FARS, however, it would also include any crash in which there exists an alternative safety device configuration (for example, no seat belt, no airbag) in which someone would have died. In other words, the hypothetical data set would include all possibly fatal accidents. Stated formally, a crash is included in the set of possibly fatal accidents if and only if k individuals i l , . . . , i k are involved in a crash and
The only crashes not included in the set of possibly fatal accidents are those in which everyone would have survived, regardless of safety device use. For any individual i, we adopt the notation P i ϭ 1 if equation (1) is satisfied, meaning that the individual was in a potentially fatal crash. 10 If this idealized data set were available, then the natural condition for identification of a causal effect would be that, conditional on the set of observed individual and crash characteristics, safety device usage is as good as randomly assigned. Stated formally, where X i is a vector of observed individual and crash characteristics (other than seatbelt and airbag use):
) and (S i , A i ) are jointly independent conditional on X i and P i ϭ 1.
If assumption A1 holds, the relevant causal effects can be identified by simply conditioning on the other observed characteristics X and comparing differences in mean death rates by safety device status. For instance, the causal effect of wearing a seat belt when no air bag is present is simply
A number of factors need to be considered when assessing whether assumption A1 is reasonable. This assumption is violated if safety device usage is correlated with unobservable individual or crash characteristics that affect an individual's potential outcomes (conditional on the observed factors). Correlation with unobserved crash characteristics could violate the assumption in one of three ways. First, if drivers feel safer when wearing seat belts, this may induce them to drive more recklessly (Peltzman, 1975) and consequently have more-severe crashes on average. If this is the case, then the estimation of the causal impact of seat belts conditional on a crash will be biased downward. 11 A second way in which assumption A1 might be violated is if safety conscious people both wear a seat belt and drive more cautiously, resulting in a negative correlation between seat belt status and crash severity. However, note that it is conditional independence that is assumed in A1. For example, if we directly observed safety consciousness, then we could condition on it and it would not pose an estimation problem. Of course, safety consciousness is not directly observable, but age, gender, and past driving record are among the variables observed, as are vehicle type, time of day, and urban versus rural. These characteristics might reasonably proxy for safety consciousness. Furthermore, various crash characteristics are also observed, such as the type of impact, relative vehicle weights, and the speed limit, which might directly control for crash severity. The more such characteristics are observed, the more believable the conditional independence assumption becomes, motivating the "kitchen sink"-type approach we employ. Moreover, conditioning on P ϭ 1, the subset of crashes severe enough that someone could have died, further mitigates this concern. For example, suppose that seat belt wearers are likely to be in less-severe accidents. That correlation would be problematic for A1 only if within the subset of possibly fatal crashes seat belt wearers are more likely to be in the less-severe ones. That is, more-frequent involvement in fender-bender accidents does not create a problem for A1, because those crashes are not of the possibly fatal type.
The final way in which assumption A1 could be violated is through a correlation between safety device use and other unobserved individual or vehicle characteristics. For instance, suppose seat belt wearers are more likely to have health problems or ride in lighter cars, and these factors in turn influence their potential outcomes in crashes. If health status and car weight were observed and included in the conditioning set, then this channel of correlation would be eliminated. As before, every health-related factor and the precise car weight are not directly observable, but we condition on as many observable individual and car characteristics (such as age, gender, and car model) as possible to control for such channels of correlation.
B. Sample Selection in FARS
The actual data set available, FARS, differs from the hypothetical data set previously described in that it includes only those accidents in which someone actually dies. Crashes in which someone did not die, but would have died had they been using an alternative safety device configuration, are excluded. The root of the sample selection problem in FARS is the direct link between safety device use and inclusion in the sample. For instance, if seat belts are effective, then an individual wearing a seat belt is more likely to survive a crash and thus is less likely to be included in FARS. All of the cases in which a safety device fails to prevent a death are included in the data set, but only a subset of the cases in which a life is saved are recorded. By excluding these saved lives from the sample, safety devices will tend to appear less effective than they actually are.
Let Q i ϭ 1 be an indicator variable denoting whether someone actually died in the crash in which i is involved. 12 This condition is the FARS equivalent of P i ϭ 1 in the hypothetical data set. Following the approach described earlier, one would like to identify a causal effect such as
. When all potentially fatal crashes are included in the data set, identification is made possible by assumption A1. The corresponding assumption for FARS requires independence between potential outcomes and safety device use conditional on observables and selection into FARS as follows.
) and (S i , A i ) are jointly independent conditional on X i and Q i ϭ 1.
If assumption A1Ј were true, then identification of causal effects in the FARS data set follows in a straightforward manner from the earlier discussion. Note, however, that assumption A1Ј is unlikely to hold. In particular, Theorem 1: If A1 holds and safety devices are effective, then A1Ј is violated.
PROOF: See appendix A.
This theorem is a direct result of the sample selection problem created in the formation of the FARS data set. FARS is a subset of the possibly fatal accidents because FARS includes only those accidents in which a fatality actually occurs. Relative to the set of possibly fatal accidents, FARS excludes some crashes in which a safety device saves a life. If the random assignment assumption holds in A1, then the exclusion of such crashes from FARS will naturally induce a correlation between safety devices and potential outcomes (conditional on observables) in the remaining crashes in FARS. By this theorem, if safety devices are as good as randomly assigned in the set of potentially fatal crashes and if safety devices have some effectiveness, then the usual method of identifying causal effects cannot be followed in FARS.
C. Sample Selection Correction
Because assumption A1Ј is unlikely to hold, we propose an alternative approach to identifying causal effects: we propose using a subset of FARS for which the random assignment assumption is reasonable. We focus on individuals in two-car crashes. An individual is included in the subset if any individual in the other car died in the crash. 13 If individual i is involved in a two-car accident, let W i denote an indicator function equal to one when someone in the other car in the crash dies. Then define assumption A2 as follows.
Assumption A2: W i and (S
This assumption requires that-conditional on other factors-safety device usage in one car is independent of the fatality outcome of individuals in the other car involved in a crash.
Theorem 2: If assumptions A1 and A2 hold, then causal effects can be consistently estimated using the subset of the FARS data in which someone dies in the other vehicle in the crash. 14 PROOF: The result is a straightforward application of Bayes' theorem.
By limiting our attention to crashes in which someone dies in the other car, the link between one's own safety device usage and inclusion in the sample is eliminated. Regardless of my personal outcome, the crash will be included in the data set.
Assumption A2 seems quite reasonable. Certainly, safety device use in one car should not directly affect survival in a different car, so possible violations would have to work through indirect channels. For instance, seat belt use might be correlated with driving a safer car, and safer cars might be more likely to crash into other safer cars. Here, however, it is important to note that only conditional independence is required. So, by conditioning on car model, the correlation through driving safer cars would no longer constitute a violation. By conditioning on enough individual and vehicle characteristics, it is reasonable that safety device use in one car is independent of the unobserved individual and vehicle 12 Formally, if individuals i l , . . . , i k are involved in a crash, Q i ϭ 1 denotes max {Y i 1 , . . . , Y i k } ϭ 1, where Y i j is the fatality outcome observed for individual i j . 13 Because FARS contains all fatal accidents, such a set is truly a subset of FARS. Also, because the criterion for inclusion in the subset depends only on observed outcomes (and not potential outcomes), the subset is well identified and observable within FARS.
14 Formally, the conclusion of the theorem is (
, and (S i , A i ) are jointly independent conditional on X i and W i ϭ 1. characteristics in the other car that might influence crash survival after conditioning on the observed characteristics. 15 Before actually proceeding to the estimation, it must be noted that the approach we adopt has an important limitation. The best we can do is to estimate the mean seat belt effectiveness conditional on a given vector of characteristics, X, and average over crashes severe enough that W ϭ 1. Note, however, that the subset of crashes in which someone in the other vehicle dies may have a distribution of crash severity that is very different from the universe of crashes. How well safety devices work is likely to be a function of crash severity. For example, in the most gentle crashes, even unbelted occupants will not die, so seat belts are completely ineffective (with respect to preventing fatalities); in the most severe crashes (such as a convertible plunging off a cliff), seat belts may also be useless. Thus, the estimate we obtain on safety device effectiveness may not be readily generalizable outside our sample.
III. Estimating the Impact of Air Bags and Seat Belts
We estimate the model of the previous section using FARS data for fatal crashes occurring in the years 1994-1997. These data contain detailed information on virtually every crash in the United States in which a fatality occurs among either vehicle occupants or pedestrians. The sample of vehicle occupants actually used in the estimation that follows is limited in a number of ways. First, we exclude backseat passengers, both because of low death rates for such passengers and the absence of air bags. Second, we exclude children in car seats. The risks posed by air bag deployment when car seats are placed in the front seat are well established (NHTSA, 1996) . As this fact became public knowledge, the prevalence of car seats placed in the front seat declined dramatically. In terms of predicting future effectiveness of air bags, excluding car seats is likely to provide a more accurate measure. Third, the sample is limited to two-vehicle crashes. One-vehicle crashes are not included because the sample selection correction requires a fatality in another vehicle. Crashes with three or more vehicles (7% of all fatal crashes) are not included because of concerns that crash severity may vary dramatically across vehicles in a manner that is difficult to control for. Fourth, crashes in which the only fatalities are motorcyclists, bicyclists, or pedestrians are also dropped because such accidents are likely to pose little risk to vehicle occupants. Fifth, we exclude occupants of large trucks from the sample as well as vehicles of model years prior to 1991. In both cases, air bag installation is extremely low. Note, however, that if a newer vehicle crashes into a large truck or an older vehicle, the occupants of the newer vehicle are included in the sample. None of the basic results are sensitive to these exclusions.
There are serious quality concerns in the FARS data, especially for the variables measuring seat belt and air bag status: 8% of the individual-level observations are missing information as to whether a seat belt was worn. Those individuals are excluded from the sample. As we later report, the results obtained are not particularly sensitive to their inclusion under different sets of assumptions. The variable measuring air bag status is constructed using the VINDICATOR software developed by NHTSA, which extracts air bag information from the vehicle identification numbers (VINs) included in FARS. Approximately 10% of vehicles in the FARS data set fail to yield a valid match using VINDICATOR and are dropped from the sample.
Our baseline sample after these exclusions includes approximately 42,000 individuals. Means and standard deviations for this sample are reported in columns 1 and 2 of table 2. A more complete description of variables as well as 15 Alternatively, safety device use in one car could be correlated with crash-level factors that influence survival in the other car. Here it is important to note that we are conditioning on both observable crash factors and potential outcomes. Having potential outcomes in the conditioning set makes violations of this kind particularly difficult to fathom. The potential outcomes would seem to summarize far more about i's crash severity than safety device use. Even Peltzman-type effects or adverse selection stories would not create a violation due to the presence of the potential outcomes in the conditioning set. Summary statistics are for frontseat occupants involved in two-vehicle crashes in which a motorist is fatally injured between 1994 and 1997. Occupants of large trucks and vehicles built prior to 1990 are excluded from the sample. Refer to the text for other sample restrictions. A data appendix with the precise manner in which all variables were constructed is available on request from the authors.
information about the way they were constructed is available from the authors upon request.
As the model in the preceding section demonstrates, it is necessary to correct for sample selection. We do so by further restricting the data set to occupants of vehicles in which anyone in the other vehicle dies in the crash. Summary statistics for the selection-corrected samples are presented in the remaining columns of table 2. This restricted sample has roughly 21,000 observations. There are a few important differences between the full sample and the selection-corrected sample. First, death rates in the full sample are four times higher. This is primarily due to the artificial inflation of death rates due to sample selection. Second, passengers in vehicles with frontal impact and in larger vehicles are over-represented in the restricted sample. Vehicles that strike other vehicles head-on are more likely to inflict fatalities, as are larger vehicles.
The basic estimating equation used in the analysis is
where j indexes individual vehicle occupants, corresponds to a given vehicle, and c reflects a particular crash. The dependent variable Y is an indicator variable equal to one if the occupant is killed, and zero otherwise. In addition to the seat belt and air bag measures, we include a vector of individual-level characteristics, X (age, sex, seat position); vehicle-level controls, V, for the driver's vehicle and/or the other vehicle in the crash (the type of vehicle that is crashed into, vehicle weight, measures of the weight differential between the vehicles and the squared weight differential, model year, driver's past driving record, and other driver's past driving record); and crash-level factors, Z (year of crash, a speed limit indicator, urban versus rural, time of day indicators). 16 All of the results presented are based on linear probability models with robust standard error corrections for heteroskedasticity and within-vehicle correlation. Probit and logit estimation yield similar results.
The specification in equation (4) imposes two important functional form restrictions. First, it assumes that there is no interaction between seat belt and air bag effectiveness. We focus primarily on the average causal effect of wearing a seat belt or having an air bag. We do not report separate estimates for air bag effectiveness when a seat belt is or is not worn. Empirically, we find no evidence that the use of a seat belt influences the effectiveness of air bags or vice versa. Thus, looking at the average causal effect provides the simplest summary of our data without compromising the interpretation of the results. 17 Second, we model the covariates as entering in a linear-additive form. We explore the sensitivity of our results to different sets of covariates and restricted subsamples in our analysis.
Because the effectiveness of seat belts and air bags may be a function both of vehicle size/type and the manner of impact (for example, air bags are designed to protect occupants only in frontal crashes), we present separate estimates for automobiles and other vehicles, and divide crash impacts into direct-frontal, partial-frontal, and nonfrontal collisions. A direct-frontal impact is one in which the principal vehicle impact is at twelve on the clock face. A partial-frontal impact is one in which either the initial or principal vehicle impact is between ten and two on the clock face, excluding those crashes that qualify as directly frontal.
To simplify interpretation of the empirical results, we report the fraction of lives saved through the use of seat belts or air bags, rather than the raw regression coefficients. For instance, the value reported in the table for seat belts is (␤ 1 /probability of death with no seat belt and no airbag). The magnitude of the raw regression coefficients alone, without a scaling adjustment for average crash severity, is not particularly informative, although we always provide the normalizing denominator probability so one could calculate the coefficient estimates. Standard errors for the fraction of lives saved are calculated using the delta method. Tables 3, 4 , and 5 present regression results for directfrontal, partial-frontal, and nonfrontal crashes, respectively. In each table, the first three columns are estimates based on the full sample, and the last three columns correct for sample selection by restricting the sample to cases in which someone dies in the other vehicle. We present results with no covariates, a limited subset of covariates, and the full set of controls. The top panel of the table corresponds to automobiles, and the bottom panel shows results for larger vehicles. Only the seat belt and air bag coefficients are reported in the table. (The other variables in the regression are discussed later.)
We begin with automobiles involved in direct-frontal crashes (the top panel of table 3). Ignoring sample selection (the first three columns), seat belts reduce death rates slightly less than 40% (off a baseline probability of death for those with neither seat belts nor air bags of 0.61). Air bags are estimated to reduce death in the full set of directfrontal crashes by 15% to 22%. Controlling for sample selection (columns 4 through 6) increases the estimated effectiveness of seat belts, but has almost no effect on the air 16 We have also experimented with including an interaction between seat belts and air bags that would allow a differential impact of air bags depending on whether a seat belt is worn. No systematic patterns emerged, although the interaction term was frequently statistically significant. The estimated overall impact of seat belts and air bags is not affected by the inclusion of the interaction; therefore, we have omitted the interaction term for the sake of simplicity of exposition. bag coefficients. Adding covariates to the specification has little impact on the seat belt estimates, but reduces the impact of air bags.
For larger vehicles (the second panel of table 3), seat belts appear more effective, but air bags are generally less effective. Correcting for sample selection somewhat increases the measured impact of both seat belts and air bags. Controlling for sample selection has a greater impact on the seat belt coefficients than was the case in the previous table. In automobiles, seat belts appear to be only 30% effective in the full sample, but are twice as effective with the sample selection correction. In utility vehicles, vans, and trucks, Values in table are the fraction of lives saved relative to a vehicle occupant with no seat belt or air bag. The sample is limited to frontseat occupants of vehicles involved in two-vehicle crashes in which a motorist dies. The first three columns correspond to the whole sample; the last three provide sample selection-corrected estimates. The values in the table are computed from linear probability regressions of an indicator variable for death on seat belt and air bag dummies. The raw probability of death for individuals with neither a seat belt nor an air bag are also reported. Columns 1 and 4 are coefficients from simple regressions with no covariates. Columns 2 and 5 add a partial set of covariates: age dummies, gender, past driving record controls, vehicle weight, and whether the person was the driver. Columns 3 and 6 include a full set of covariates: seat position, sex, age, the type of vehicle crashed into, speed limit, vehicle weight, weight differential between vehicles, squared weight differential, past driving record of both drivers, time of day, rural, model year of vehicle, and year of crash. Full results of the specifications in column 6 are reported in table 6. Direct frontal crashes are those in which the principal point of impact is completely frontal (twelve on the clock face). White standard errors accounting for within-vehicle correlations are shown in parentheses. Standard errors are computed using the delta method. Values in table are the fraction of lives saved relative to a vehicle occupant with no seat belt or air bag. The sample is limited to frontseat occupants of vehicles involved in two-vehicle crashes in which a motorist dies. The first three columns correspond to the whole sample; the last three provide sample selection-corrected estimates. The values in the table are computed from linear probability regressions of an indicator variable for death on seat belt and air bag dummies and an interaction between those two variables. The raw probability of death for individuals with neither a seat belt nor an air bag are also reported. Columns 1 and 4 are coefficients from simple regressions with no covariates. Columns 2 and 5 add a partial set of covariates: age dummies, gender, past driving record controls, vehicle weight, and whether the person was the driver. Columns 3 and 6 include a full set of covariates: seat position, sex, age, the type of vehicle crashed into, speed limit, vehicle weight, weight differential between vehicles, squared weight differential, past driving record of both drivers, time of day, rural, model year of vehicle, and year of crash. Partial-frontal crashes are those in which either the initial or principal point of impact is between ten and two on the clock face (excluding crashes qualifying as direct-frontal). White standard errors accounting for within-vehicle correlations are shown in parentheses. Standard errors are computed using the delta method.
seat belt effectiveness rises from approximately 60% to 75% when taking into account sample selection. Air bags are much less effective in partial-frontal crashes than in direct-frontal crashes, as would be predicted. Indeed, after the sample selection correction, none of the air bag coefficients are statistically significant, and the point estimates are actually negative for non-automobiles. Table 5 presents the results for nonfrontal crashes. The structure of the table is identical to the preceding two tables. The results for seat belts parallel the findings on directfrontal and partial-frontal crashes: large increases in seat belt effectiveness when correcting for sample selection and overall success rates of seat belts of 65% to 80%. There is no evidence that air bags provide any protection to occupants in nonfrontal crashes.
The other covariates in the regressions underlying tables 3 through 5 are plausibly estimated. Full regression results corresponding to column 6 of table 3 are reported in table A1 in appendix A. (Full results for all specifications are available on request from the authors. 18 ) Drivers are two to three percentage points more likely to die than rightfrontseat passengers. Gender is not an important predictor, but the probability of death is an increasing function of age. Even controlling for the weight differential of the vehicles involved in the crash (occupants of heavier vehicles fare better), survival probabilities are greater when crashing into an automobile than a utility vehicle, van, or small truck. The chance of death is higher during the night, in rural areas, and on roads with posted speed limits of 55 miles per hour or more. Bad previous driving records (both for your own driver and for the driver of the other vehicle) are associated with slightly higher death rates. There does not appear to be a systematic trend in death rates for later model-year vehicles once seat belts and air bags are controlled for, suggesting that other vehicle safety design innovations between 1990 and 1997 have not had a dramatic impact on crash survival.
A. Comparison to Previous Estimates
It is useful to compare the magnitude of our estimates for seat belts and air bags to previous values in the literature. The commonly accepted range of seat belt effectiveness in reducing fatalities is from 45% to 50% (Evans, 1986; Graham et al., 1997; Kahane, 1996; NHTSA, 1996) . Our estimates correcting for sample selection range from 50% to 78%, with a median of 67%. Thus, we find seat belts to be substantially more effective than previous estimates. This result does not appear to be an artifact of the sample we use: ignoring sample selection, we actually obtain lower benefits of seat belts than previous studies.
Our estimates for air bags, however, are lower than previous values. We find air bags to be roughly 15% effective in direct frontal crashes. In comparison, NHTSA (1996) reports a value of 31%, and Zador and Ciccone (1993) finds a 28% reduction. Braver et al. (1997) find a 20% effectiveness for right-front passengers when excluding those under the age of ten (which makes their sample Values in table are the fraction of lives saved relative to a vehicle occupant with no seat belt or air bag. The sample is limited to frontseat occupants of vehicles involved in two-vehicle crashes in which a motorist dies. The first three columns correspond to the whole sample; the last three provide sample selection-corrected estimates. The values in the table are computed from linear probability regressions of an indicator variable for death on seat belt and air bag dummies and an interaction between those two variables. The raw probability of death for individuals with neither a seat belt nor an air bag are also reported. Columns 1 and 4 are coefficients from simple regressions with no covariates. Columns 2 and 5 add a partial set of covariates: age dummies, gender, past driving record controls, vehicle weight, and whether the person was the driver. Columns 3 and 6 include a full set of covariates: seat position, sex, age, the type of vehicle crashed into, speed limit, vehicle weight, weight differential between vehicles, squared weight differential, past driving record of both drivers, time of day, rural, model year of vehicle, and year of crash. Nonfrontal crashes are all crashes that are not direct-frontal or partial-frontal. White standard errors accounting for within-vehicle correlations are shown in parentheses. Standard errors are computed using the delta method. comparable to ours). As with seat belts, the difference between our results and previous research is not due to a difference in samples. When we apply the standard "doublepair comparison" methodology to our sample of crashes, we obtain estimates of air bag effectiveness of 42% in directfrontal crashes, higher than any of the studies just cited. Moreover, we find little or no benefit of air bags for crashes other than direct-frontal impacts, whereas small positive estimates in such crashes characterize the previous literature. Extrapolating our coefficients to all fatal crashes and taking into account the relative frequencies of frontal and nonfrontal crashes, we obtain an overall air bag effectiveness of 8%. Graham et al. (1997) surveys the literature and concludes that 13% is the best available estimate for adults based on the previous literature, an estimate that is 60% higher than ours. Table 6 presents sensitivity analysis from a range of alternative specifications. Only direct-frontal, selectioncorrected specifications with the full set of covariates are included in table 6. Results are once again broken down by automobiles versus other vehicles. The top row of the table shows the baseline estimates taken from column 6 of table 3. The next two rows add indicator variables to soak up potential unobserved heterogeneity. Adding make and model dummies to the regressions has little impact on the results. Including vehicle-fixed effects reduces the measured effectiveness of seat belts, but increases the coefficient on air bags. The precision of the estimates decreases substantially because more than 70% of the vehicles in the sample have only a single passenger and thus provide no information when vehicle-fixed effects are included.
B. Sensitivity Analysis
The next nine rows of table 6 focus on subsets of the data to isolate potential differences in safety device effectiveness across population subgroups or types of crashes. Comparing the results for drivers and frontseat passengers, seat belts look equally effective, but air bags appear substantially more beneficial to passengers than drivers. This result appears plausible in light of the fact that the air bag deploys from the dashboard rather than the steering wheel for frontseat passengers. The greater distance between the air bag and the occupant both increases the likelihood that the air bag will have inflated in time to be of use, and lessens the chance that the occupant will be close to the explosion that triggers the air bag with potential negative consequences. There is little evidence of differential impacts across men and women. Excluding those under the age of sixteen does not substantially change the results, but it is important to bear in mind that children in car seats are excluded from our baseline sample.
To determine whether the effectiveness of safety devices varies with crash severity, we categorize individuals in crashes by the predicted severity of the impact. Using information on crash characteristics (such as relative vehicle weights, the posted speed limit, time of day, urban versus rural), we run a probit to determine the predicted likelihood of death for each individual. We then divide the sample into thirds according to crash severity. The results estimated on each of these three subgroups are reported in the table. Seat belt effectiveness monotonically declines as crash severity increases for both automobiles and other vehicles. The greater overall effectiveness of seat belts in larger vehicles is consistent with the fact that, on average, occupants of larger vehicles do not suffer as severe of impacts. The coefficient on air bags does not exhibit any systematic pattern.
Air bags went from being almost nonexistent to standard equipment over a short period of time. As a consequence, most of the variance in the presence of air bags comes across rather than within model years. To the extent that there are other changes in vehicles over time that we are not adequately capturing with covariates, the air bag estimates may be biased. 19 To test this possibility, we restrict the sample to vehicles built between 1992 and 1994, the period over which air bag prevalence rose from 18% to 68% for automobiles in our sample. As shown in table 6, for this limited subset of vehicles, both seat belt and air bag coefficients remain similar to baseline estimates.
As noted earlier, 8% of the individuals have missing values for seat belt usage. In the results presented thus far, these observations were dropped. The bottom two rows of the table present results if the missing values are included under the assumption that all of these individuals were wearing seat belts, or that none were wearing seat belts. The estimated seat belt effectiveness falls only slightly under each of these assumptions. The air bag coefficients are not greatly affected.
IV. Calculating the Number of Lives Saved by Seat Belts and Air Bags
In terms of understanding the value of seat belts and air bags, it is useful to translate the effectiveness estimates into numbers of lives saved. Calculations of lives saved do not require estimates of the fraction of drivers wearing seat belts (or driving vehicles equipped with air bags), but rather depend solely on r reported in the tables and the number of actual deaths with and without the safety device. 20 Let D S and D 0 equal, respectively, the number of individuals who die with and without a given safety device. The number of lives saved as a result of the current level of usage of that safety device is equal to (r/(1 Ϫ r)) D S . The number of cases in which seat belts failed to save lives provides the key to how many lives they actually saved, for a given r. Using 0.60 as a (conservative) overall estimate of seat belt effectiveness and extrapolating our estimates out of sample to the set of all fatal crashes, we calculate that the lives of slightly more than 15,000 frontseat occupants were saved by seat belts in 1997 alone. Given that there were almost 50,000 motor vehicle-related fatalities (including pedestrians, backseat passengers, and so on), our estimates suggest that, without seat belts, total fatalities would have been at least 30% higher. As important as seat belts are in saving lives, however, increased usage can explain less than half of the observed decline in fatality rates per vehicle mile traveled between 1980 and 1997.
Lives saved due to air bags are substantially lower. Using an effectiveness of 0.15 for air bags in direct-frontal crashes and zero in other crashes yields an estimate of roughly 550 lives saved in 1997, or less than 5% of the number of lives saved by seat belts.
Given the comparatively limited effectiveness of air bags, the possibility that seat belt usage declines with the availability of an air bag becomes an important public policy concern. If one in eight seat belt wearers decided not to buckle up because of a mistaken notion that the air bag would provide complete protection, the net impact of air bags on saving lives would then be negative. There does not appear to be any evidence for this kind of behavioral response, either in survey data (Williams, Wells, & Lund, 1990) or in our sample. In the raw data, seat belt usage is higher among those with air bags. After controlling for an extensive set of observable variables, including whether other frontseat occupants in the vehicle are wearing seat belts, there does not appear to be any systematic relationship between the availability of air bags and seat belt usage.
In addition to calculating the number of lives saved, one might also be interested in the additional number of lives that would be saved if occupants who currently do not use seat belts and air bags were to use them. This value is given simply by rD 0 . If all frontseat occupants had worn seat belts in 1997, almost 11,000 further deaths would have been averted. If all vehicles were equipped with dual air bags, an extra 1,700 lives would have been saved. Given the estimates above, it is clear that seat belts are an extremely good investment from the perspective of costbenefit analysis. The annual expenditure on equipping vehicles with seat belts is roughly $500 million, yielding a crude estimate of the cost per life saved of roughly $30,000. 21 In comparison, more than $4 billion dollars are spent annually on air bag installation and maintenance. If all vehicles had dual air bags, approximately 2,250 lives would be saved annually, for an average cost per life saved of $1.8 million. Note that these estimates understate the true benefits of both seat belts and air bags because they focus solely on deaths prevented, ignoring any impact the safety devices have in reducing injury severity. Nonetheless, at least based on these rough calculations, air bags do not appear to be a particularly effective investment in public health. 22
V. Conclusion
This paper presents estimates of the effectiveness of seat belts and air bags in saving lives that overcome sample concern that the results will depend critically on the way in which the covariates enter the regression. 20 As a sidelight, we note that it is possible given r and the number of deaths with and without seat belts to back out an estimate of the fraction of frontseat passengers wearing a seat belt. That fraction is equal to (D S /(1 Ϫ r))/(D S /(1 Ϫ r)) ϩ D 0 ). Based on all frontseat occupants dying in fatal crashes in 1997 (not just our limited sample of two-vehicle crashes), we estimate a seat belt usage rate of 58%. This number is lower than estimates based on survey responses, but virtually identical to values obtained in observational studies in which researchers actually tallied seat belt usage by the roadside (NHTSA, 1996) . 21 This calculation assumes a steady state in the number of vehicles on the road, so that the flow of new vehicles offsets the number of vehicles retired annually. If this is the case, then the annual investment in seat belts is constant over time, allowing one to calculate the cost per life saved by simply dividing the annual expenditure on seat belts by annual lives saved.
22 Graham et al. (1997) performs a much more careful cost-benefit analysis that includes reductions in injuries. Their conclusion with respect to air bags is somewhat more favorable than ours, both because injuries are considered and because they assume a higher effectiveness rate of air bags. In the sample of crashes we examine, seat belts and air bags are not nearly as successful in eliminating injuries or reducing their severity as they are in averting death. It may be the case, however, that, in less severe crashes, injury reduction is more effective. selection bias inherent to fatal-crash data. We find that wearing a seat belt reduces the likelihood of death by roughly 60%, and air bags reduce the probability of death by approximately 16% in direct-frontal impacts and 9% in partial-frontal impacts. Based on our estimates, seat belts are more effective than is generally thought, whereas air bags are less effective. If our estimates are correct, roughly 15,000 lives were saved by seat belt usage in 1997, along with roughly 550 lives saved by air bags. The benefit-cost ratio of seat belts is more than fifty times greater than that of air bags. More generally, this paper presents an example of how nonstandard approaches can provide useful estimates even when naive estimation provides coefficients that are clearly biased. 
